OBJECTIVE: Rapid growth, possibly occurring in critical periods in early life, may be important for the development of obesity. It is unknown whether this is influenced by postnatal exposures such as age-relevant sources of stress. Frequent house moves may be one such stressor. We aimed to examine if there is a period of growth in early life critical for the development of child obesity by age 9 years and assess the role of house moves in modifying any relationships between early life growth and obesity at age 9 years. DESIGN: Prospective Australian birth cohort study. SUBJECTS: In all, 392 children with serial body size measurements from birth to age 9 years. METHODS: Standardized body mass index (z-BMI) was available for six time points (spanning birth to 3½ years), and the total number of house moves between birth and 3½ years. The outcomes considered were z-BMI and % body fat (%BF) at age 9 years. Linear regression models were used to estimate the effects of serial measurements of z-BMI and number of house moves on the outcomes. RESULTS: Life-course plots showed that z-BMI at 3½ years was a statistically significant predictor of z-BMI at 9 years (b ¼ 0.80; standard error (s.e.), 0.04), whereas z-BMI at 9 months (b ¼ À 1.13; s.e., 0.40) and 3½ years (b ¼ 4.82; s.e., 0.42) were significant predictors of %BF at age 9 years. There were statistically significant interactions between the number of house moves and change in z-BMI between 9 and 12 months, such that X3 house moves in early life amplified the detrimental effects of earlier rapid growth on both body size and composition at age 9 years. CONCLUSION: In the absence of evidence for a single critical period, efforts to prevent overweight and obesity are required throughout childhood. In addition, modifiable postnatal stressors may exacerbate effects of early growth on obesity in later childhood.
INTRODUCTION
Over the past three decades, sharp increases in the prevalence of child obesity have been observed in most developed, and several developing, countries. [1] [2] [3] In both the short and longer term, overweight and obese children face a raft of physical and psychological problems, 4 and obesity has been described as the 'scourge of the new millennium'. 2 Dietz 5 proposed that there are critical periods in childhood and adolescence for the development of obesity. This has fuelled interest in the role of rapid growth in early life, with critical periods for the development of obesity reported to exist in the first week, 6 first 6 months, 7 first year 8, 9 and first 2 years 10 of life. However, few studies have childhood measured body size at multiple time points in the first 2 years, limiting comparisons of the relative effects of the pace of growth in these different periods. 11 In addition, systematic reviews 12, 13 note considerable variability in analytical approaches and methodological limitations.
Classically, rapid postnatal growth has been considered as a consequence of fetal growth restriction. However, this does not preclude a role for the postnatal environment in modifying a relationship between growth and obesity. Of note, prolonged exposure to stressors (defined as conditions or events that threaten an individual's well-being) in the absence of adaptive responses has been proposed as a pathway to obesity. 14 Physiological mechanisms through which stress could alter neurobiology and, thereby, increase propensity to obesity have been described (for example, Gunstad et al. 15 and Rich-Edwards et al. 16 ). Such mechanisms could be especially potent in early childhood as this encompasses a period of critical brain development. 17 Structural and functional changes in the brain after exposure to stressors during the early life period of neuroplasticity have been demonstrated. [17] [18] [19] Although biologically plausible, epidemiological evidence linking early life stress to growth or obesity is limited. In a recent systematic review of this literature, only four studies concerned exposure in children aged 3 years or under. 14 Both the perception of stress and the ability to cope are likely to be age-dependent. 20 Family stress models (for example, McCurdy et al. 21 ) propose maternal depression, parental conflict and family disruption as potential stressors for young children. ignored are house moves as a potential, and relatively common, 22 stressor. House moves can result in substantial disruption to family life. Young children exposed to such upheaval may experience stress, exceeding their capacity to understand or cope, directly as a result of changes to their familiar environment and routines and/ or in response to cues from caregivers. 23 Multiple house moves in a relatively short timespan may thus generate prolonged stress.
Therefore, the aims of this study were twofold. First, we aimed to determine whether there is a period of growth in early life critical for the development of child obesity by age 9 years, using a cohort study with body size measurements made at six time points in early childhood, and two aspects of obesity-body mass index (BMI) and percentage body fat (%BF)-as the outcomes. Second, we aimed to assess whether there is a role for postnatal stressors, taking multiple house moves as an exemplar, in modifying any relationships between growth and body size and composition at age 9 years.
METHODS

Sample and study design
The Generation 1 Study is a prospective cohort study of women and their children that was established between 1998 and 2000 in Adelaide, South Australia. Establishment of the study cohort is described in detail elsewhere. 24 A total of 557 women consented to follow-up of their children from birth, with anthropometric data collected at birth, 6, 9 and 12 months, and at 2, 3½ and 9 years. The University of Adelaide Human Research Ethics Committee reviewed and approved the study and all study procedures were conducted in accordance with the Principles of the Declaration of Helsinki of 1975 as revised in 1983.
Measures of body size and composition All measurements were taken by trained research nurses using protocols based on World Health Organization guidelines. 25 Weight was measured using calibrated scales (Heine S-831,61 (Heine, Herrsching, Germany), Tanita TBF 531 or TBF 521 (Tanita, Tokyo, Japan), as appropriate to age). Body fat at age 9 years was obtained from the Tanita TBF 521 body fat scales. Height/length was measured using a portable stadiometer.
BMI at each time point was derived as weight/height 2 (kg m
). Ageand sex-standardized BMI values (z-BMI) were derived using the 1990 standards for British children. 26 Gestational age was incorporated in the calculation of the birth z-BMI. Changes in z-BMI were calculated for the periods birth to 6 months, 6 to 9 months, 9 to 12 months, 12 months to 2 years and 2 to 3½ years. 27 Potential confounders and house moves On the basis of the literature, possible confounding variables for the association between early childhood growth and overweight/obesity at age 9 years were: maternal age at child's birth, 28 parity, 29 and maternal BMI in early pregnancy (adjusted for week of gestation; mean 14.4 weeks). 4, 8 Maternal education at baseline (five categories, see Table 1 ) was included as a broad indicator of socioeconomic status. The total number of house moves, based on serial maternal reports, that each child had made between birth and 3½ years was calculated and categorized as 0, 1, 2 or X3.
Statistical analyses
The analysis set for this study comprised the 392 children born after 33 weeks' gestation with valid serial measures of height, weight and %BF up to 9 years. This excluded 43 children who were measured at age 9 years but were missing X1 interim measurements. Comparisons of the children in the analysis set to the 43 excluded were made for key variables. Suites of multiple linear regression models were used to estimate the effects of z-BMI across infancy and early childhood on z-BMI and %BF, respectively, at age 9 years.
Life-course plots. In the first set of regression models, the outcome (either z-BMI or %BF at 9 years) was regressed on the z-BMI at each age of measurement between birth and 3½ years. Parameter estimates from these models were used to derive life-course plots. 30, 31 Such plots display the regression coefficients from a given fitted model against the corresponding ages of measurement, and allow the effects of size and growth on an outcome to be assessed simultaneously.
Multiple linear regression of outcomes at 9 years on changes in early life z-BMI. In the second set of regression models, we estimated the effects of birth z-BMI and the z-BMI changes between successive measurements in infancy and early childhood on the outcomes at 9 years. The z-BMI changes were used in this parameterization to minimize the correlation between sequential z-BMI values and avoid, to some extent, the effects of collinearity in the estimation of parameters in the fitted models. 27 The first models did not include potential confounding variables nor house moves (that is, Model 1 in Tables 2 and 3) ; we subsequently included specific potential confounding variables (Model 2) and then house moves and maternal education (Model 3). We formally tested for interactions between the variables entering Model 3 and z-BMI measurements across the first 3½ years of life. Terms that were statistically significant at the 0.05 level were retained in the final models. All analyses were carried out using SAS version 9.2 (SAS Inc., Cary, NC, USA).
RESULTS
Characteristics of the 392 study families included in the present analyses are summarized in Table 1 . In all, 40% of the children had moved house at least once before 3½ years, and 13 had moved more than three times (3%). A total of 30% of mothers had not completed high school, whereas 20% had a university qualification. At child age 9 years, the mean BMI was 17.8 (s.d., 3.0) and the mean %BF was 19.8 (s.d., 7.8). There were no statistically significant differences between the 392 included children and the 43 children excluded because of missing data in terms of gestational age, birth weight, birth z-BMI, maternal early pregnancy BMI, parity, maternal education, z-BMI at age 9 years or %BF at age 9 years. However, mothers in the included families were slightly older (mean age, 30.3; s.d., 5.0) than mothers of the excluded families (mean age, 28.8; s.d., 4.5) and moved less frequently in their child's early life (60% no moves for included families vs 43% for excluded families). Figure 1 presents the BMI trajectories for participants from birth to 3½ years. As shown in the left-hand pane of this plot, there was a steep increase in BMI from birth to 6 months, followed by a much shallower gradient from 6 to 12 months, and then a slight decrease in BMI in general from age 2 to 3½ years. The right-hand pane of Figure 1 suggests that relative to the 1990 UK reference population, the z-BMIs were slightly higher at birth overall, similar to the reference population between 6 and 12 months, and slightly elevated at 2 and 3½ years. The mean z-BMI ranged between À 0.29 (s.d., 1.10) at 6 months and 0.60 (s.d., 1.04) at 2 years. The mean z-BMI changes also varied considerably, from a minimum of À 0.76 (s.d., 1.30) for the birth to 6-month period to a peak of 0.76 (s.d., 0.75) for the 12-month to 2-year period.
Life-course plots As shown in the life-course plots in Figure 2 , there appears to be an inverse relationship between z-BMI at 9 months of age and the two outcomes at 9 years, as well as a positive effect of z-BMI at 3½ years on both outcomes. Sequentially removing nonsignificant terms from the corresponding linear regression models suggested that only z-BMI at 3½ years was a statistically significant predictor of BMI at 9 years (b ¼ 0.80; s.e., 0.04). For %BF at 9 years, z-BMI at 9 months (b ¼ À 1.13; s.e., 0.40) and 3½ years (b ¼ 4.82; s.e., 0.42) were significant. Notably, the correlation between successive z-BMI measurements was high (ranging between 0.75 and 0.86 over the 6-month to 3½-year period), suggesting possible collinearity.
Multiple linear regression results: z-BMI The regression coefficients from the multiple linear regressions of z-BMI at 9 years on birth z-BMI and change in z-BMI across early childhood are presented in Table 2 . In each of the models shown in this table, the birth z-BMI and all z-BMI changes had a statistically significant positive effect on the 9-year z-BMI, when conditioned on the other z-BMI measurements. Across all of the considered models, there was a notable increase in the regression coefficient for the z-BMI change from 9 to 12 months compared to that for 6 to 9 months.
When the putative confounders were added (Model 2), the z-BMI change coefficients were slightly attenuated and maternal BMI in early pregnancy was the only variable that appeared to confound the association. When house moves and maternal education were added (Model 3), the number of house moves from birth to 3½ years was a statistically significant predictor of z-BMI at 9 years, but maternal education was not. When interactions between these variables and growth were considered, only the interaction between house moves and z-BMI change between 9 and 12 months was statistically significant. The interaction between maternal education and house moves was not significant. The regression coefficients from the final model showed that each additional unit of maternal BMI in early pregnancy increased z-BMI at age 9 years by 0.030 units (95% confidence interval (CI: 0.016-0.045), holding the other variables constant. Relative to no house moves, when there was no change in z-BMI between 9 and 12 months, one house move reduced the expected 9-year z-BMI by 0.23 units (95% CI: À 0.42 to À 0.04), whereas X3 moves increased the expected 9-year z-BMI by 0.54 (95% CI: 0.23-0.85). The estimated z-BMI differences at age 9 years for X3 house moves and a range of z-BMI increments between 9 and 12 months Figure 1 . BMI measurements (left-hand pane) and z-scores (right-hand pane) between birth and 3½ years plotted against age for 392 children in the Generation 1 cohort. Trajectories for a randomly selected 10% of the sample are shown (connected dashed line segments). The mean at each age of measurement is also shown in each plot (bold line).
are summarized in Figure 3 . As this figure shows, z-BMI changes between 9 and 12 months of À 1.0 to o À 0.2 were not associated with a significant increase in z-BMI at age 9 years for children who moved house X3 times in early childhood compared with those with the same z-BMI change who had not moved. However, z-BMI changes between 9 and 12 months of E À 0.2 to 1.0 along with X3 house moves were associated with significantly increased BMI z-scores at age 9 years compared with the estimated z-BMIs for children who did not move. A 0.2 unit decrease in z-BMI between 9 and 12 months coupled with X3 house moves in early childhood increased the expected 9-year z-BMI by 0.34 kg m À 2 (95% CI: 0.03-0.66), whereas a 1 unit increase in z-BMI between 9 and 12 months together with X3 house moves increased the expected 9-year z-BMI by 1.53 kg m À 2 (95% CI: 0.82-2.24) compared with the estimated z-BMIs for children with the same change in z-BMI between 9 and 12 months who had not moved. Table 3 presents the multiple linear regression models for predicting %BF at 9 years. In these models, the effects of birth z-BMI and z-BMI changes at all ages included in the model were again statistically significant. As Model 1 of Table 3 demonstrates, there was a nonlinear relationship between BMI change in the different periods in early childhood and %BF at 9 years. Similar to the patterns demonstrated for z-BMI at 9 years, the effect of change in z-BMI on %BF increased sharply for the 9-month to 2-year period, and diminished between 2 and 3½ years.
Multiple linear regression results: %BF
When the specific confounders, maternal education and house moves were added to the model, there was a slight attenuation in the effects of growth across the birth to 3½-year period on %BF at age 9 years. In keeping with the findings for BMI at age 9 years, maternal BMI in early pregnancy and the number of house moves in early childhood were statistically significant predictors of %BF at age 9 years, whereas maternal education and its interaction with house moves were not significant. Each additional unit of maternal BMI in early pregnancy increased %BF at age 9 years by 0.3 (95% CI: 0.2-0.4) units holding other variables constant. Relative to no house moves, when z-BMI did not change between 9 and 12 months, X3 moves increased the expected %BF at age 9 years by 5.4% (95% CI: 3.0-7.9). Figure 3 displays the interaction between house moves and z-BMI changes between 9 and 12 months, and suggests a similar pattern of effect on %BF at age 9 years to that observed for z-BMI. Decreases in z-BMI of À 1.0 too À 0.25 were not significantly associated with %BF at age 9 years for children who moved house frequently in early childhood compared with those with the same z-BMI change who had not moved. However, z-BMI changes between 9 and 12 months of E À 0.25 to 1.0 along with X3 house moves were associated with increased %BF at age 9 years. A 0.25 unit decrease in z-BMI between 9 and 12 months coupled with X3 house moves in early childhood increased the expected 9-year %BF by 2.6% (95% CI: 0.003-5.3), whereas a 1 unit increase in z-BMI between 9 and 12 months together with X3 house moves increased the expected 9-year %BF by 14.7% (95% CI: 9.1-20.4) compared with the estimated %BFs for children with the same change in z-BMI between 9 and 12 months who had not moved. Figure 2 . Life-course plots for z-BMI (left hand pane) and %BF (right hand pane) at 9 years on z-BMI at birth through 3½ years. Plots show coefficients from multiple linear regressions of outcomes on BMI z-score at six time points in early childhood. Shown are coefficients ± s.e. For BMI at 9 years, only z-BMI at 3½ years was statistically significant. For %BF at 9 years, z-BMI at 9 months and 3½ years were significant (closed circles). z −BMI change from 9 to 12 months fitted %BF at age 9 years, difference (95% CI) Figure 3 . Estimated differences in z-BMI and %BF at 9 years for children who moved house X3 vs 0 times in early childhood across a range of z-BMI changes between 9 and 12 months. Shown are estimated effects and 95% CI.
DISCUSSION
In this study, we demonstrated that growth across six time points in early childhood significantly predicted both body size and body fat at age 9 years. Growth between 9 and 12 months and between 12 months and 2 years had the greatest effect on obesity outcomes at age 9 years, taking into account birth size and growth in other periods in early childhood. The life-course plots suggest the importance of body size at 3½ years for both body size and body fat at 9 years and provide some evidence of an inverse relationship between body size at 9 months and the obesity outcomes at 9 years (although this was statistically significant only for body fat). This is the first study to show that more frequent house moves in the first 3½ years of life are associated with obesity outcomes at age 9 years, after accounting for size and pace of growth in early childhood. Importantly, the effects of growth in the 9-to 12-month period on obesity outcomes were amplified by frequent house moves before age 3½ (possibly occurring after infancy). Maternal education, used here to indicate socioeconomic status, was not independently associated with obesity outcomes at age 9 years, after considering the effects of growth in early childhood, house moves and other covariates. The findings suggest that multiple house moves are detrimental for the development of child obesity, irrespective of family disadvantage.
Taken together, our regression models and life-course plots suggest that rapid upward shifts in BMI at any period in early childhood, and above average BMI at age 3½ years, contribute to obesity at age 9 years. The finding for body fat is consistent with that of Blair et al., 28 who showed rapid growth in both weight and height between 9 months and 3½ years were significant risk factors for increased body fat at age 7 years. Like Blair et al., 28 our findings do not suggest that there is an isolated, well-defined, critical period of growth in early childhood that relates to obesity outcomes at age 9 years. Our life-course plots suggest that 3½ years is the only time point in early childhood in which body size is a predictor of body size at age 9 years. In contrast, our findings suggest that change in body size between 9 months and 3½ years of age is important for body fat at age 9 years. These findings partially concur with those of Ong et al., 9 suggesting that weight gain from birth to 2 months and 2 to 9 months (but not 9 to 19 months) were each associated with an increase in fat relative to lean body mass in girls at 10 years. 9 Despite the recognition of housing as a strong social determinant of health, 32 remarkably little attention has been directed to the role of house moves as a relatively common stressor in early childhood with potential consequences for child obesity. 13 Although residential moves may arise for a range of reasons-including changes in family composition, financial situation, or aspirational moves-and hence may be viewed as positive or negative by parents, multiple house moves in a relatively short time span are more likely for children in families in a lower socioeconomic position. 22 In a large cross-sectional study of low-income families in the United States, 3-year-old children with two or more house moves in the preceding year had significantly lower weight for age z-scores than children who had moved no more than once. 33 However, that study did not take previous growth into account, possibly explaining the inconsistency with our result. The large and detrimental effect of three or more moves in early childhood for both obesity outcome measures apparent in our study underscores that the relationships between the wider social context of children's lives and obesity are complex.
Speculatively, multiple house moves may be linked to child obesity through a prolonged physiological stress response. Although very young children have the capacity to perceive events as a threat, they lack the cognitive, social and physical skills to regulate their emotional response, reduce the threat and gain a sense of control over their immediate environment. 34 Indirectly, events leading up to house moves, as well as moving, may contribute to family stress, and cues from caregivers may add to stress experienced by a young child. 23 It is also possible that frequent house moves are not conducive to healthy family food routines and good nutrition for young children. Many parents find it difficult to encourage young children to eat a well-balanced diet, 35 and frequent house moves may exacerbate these difficulties through increased pressure on families.
Allostasis refers to the normal processes by which the brain coordinates and calibrates the various behavioural and physiological stress systems to adapt to environmental and psychosocial stressors. 36, 37 Exposure to chronic or repeated stressors can lead to allostatic overload, 36, 38 which has been linked to maladaptive neuroplasticity, particularly when key mechanisms such as the hypothalamic-pituitary-adrenal axis become dysregulated. 36 Altered neurodevelopment in stress-sensitive brain regions, such as the hippocampus and amygdala, 35 can compromise the normal development of allostatic systems. 36, 39 There is considerable evidence implicating hypothalamic-pituitary-adrenal axis dyregulation in persistent adverse endocrine, metabolic and behavioural outcomes. 16, 19, 40, 41 We propose that multiple house moves in early life may act as a 'toxic stressor', 42 leading to allostatic overload and metabolic dysfunction, contributing to the development of obesity.
The findings from our study must be interpreted with several caveats borne in mind. One limitation is that we were unable to take some potentially relevant covariates into account in our study. For example, we had no measure of paternal BMI. Similar to other studies, we were limited to detecting critical periods of growth by the timing of measurements. Although children in the cohort study were measured at repeated intervals in infancy and toddlerhood, they were not measured around the period of the adiposity rebound, 43 and hence we cannot exclude the existence of critical periods of growth existing between, or outside of, our measurement time points. We did not take into account the reason for each house move, but multiple house moves in a relatively short timespan are unlikely to be aspirational. Effects of multiple house moves on later obesity may be compounded, or mediated by, factors such as parental conflict or maternal depression, but examination of this is beyond the scope of the research reported here.
Strengths of our study include the rigorous repeated measurement of body size during infancy and toddlerhood, the use of standardized BMIs, information concerning a range of potentially confounding variables and the heterogeneous sample that included mothers and children from a broad range of social circumstances. 24 In conclusion, in the absence of evidence for a single critical period, efforts to prevent overweight and obesity are required throughout childhood. We propose that postnatal psychosocial stressors in young children may amplify the likelihood of becoming overweight or obese by age 9 years following a period of rapid growth in infancy. This provides further grounds for attending to the wider context, needs and support structures of families with young children. 
